This work addresses the tensile properties of glass fiber reinforced polymers (GFRP) and investigates the different ways of estimating them without the cost associated with experimentation. This attempt is achieved through comparison between experimental results, derived in accordance with the ASTM standards, and results obtained using the mechanics of composite materials. The experimental results are also compared to results derived from work by other researchers in order to corroborate the findings regarding the correlation of tensile properties of the GFRP material and the fiber volume fraction.
lymer an ideal choice for this type of structure [5] .
The design of GFRP structures requires knowledge of the mechanical properties of the constituent materials. Such properties include the modulus of elasticity for both main directions of the material, the shear modulus and the Poisson ratio. Furthermore, the ultimate tensile and compressive strengths, for both main directions of the composite material, along with the in-plane shear strength, are needed. These properties are usually derived from experiments using standard coupons and tested according to acceptable procedures [6] - [11] .
It may be possible, however, to estimate these properties using mechanics of composite materials. "The rule of mixture" is the theory that uses several mathematical expressions in order to obtain the required values [12] . In the present paper, these expressions are applied and the results are compared to the experimental results derived from 19 tensile tests conducted at the Steel structure Laboratory of the National Technical University of Athens (N.T.U.A), Greece. The tension coupons were fabricated using the hand lay-up method. The conclusions of the comparison are discussed thoroughly in the present paper. The utilization of these formulas demands knowledge of the fiber volume fraction of the material which is the ratio of the volume of the glass fibers to the total volume [12] . The influence of the fiber volume fraction on GFRP materials, in which polyester isophthalic resin is used as matrix, is also investigated. Particularly, experimental results are used to confirm the mathematical function that connects the fiber volume fraction and tensile properties of GFRP materials.
Experimental Investigation

Fabrication of Specimens
The individual materials that were used in the fabrication of the specimens included E-glass fibers and isophthalic polyester resin. The fibers were provided in the form of unidirectional fabric. The weight of the fabric was 430 g/m 2 . The resin used was AROPOL K530 isophthalic polyester produced by Ashland. Two panels were constructed. One panel was used for the production of coupons with fiber direction of 0˚ and coupons of 90˚. This was achieved by placing four layers of fabric one upon the other on a glass surface. The other panel was used to make coupons of a laminate with stacking sequence ±45˚. This was accomplished by placing 16 fabrics one upon the other changing the fiber direction from 0˚ to 90˚ every time. The fabrics for both cases were cut by scissors in the required dimensions (see Figure 1 (a)). The resin reacted with its hardener and was weighed prior to use (see Figure 1 (b)). The weight of the fibers was also known by the number of the used fabrics. Since the mass density for both fibers and resin was known by their manufacturer the fiber volume fraction of the laminate was estimated, based on the assumption that there was no void in the laminate, using the following relations:
where, v f is the fiber volume fraction; V f is the volume of the fibers defined as, T. I. Altanopoulos, I. G. Raftoyiannis 
where, W f is the weight of the fibers, ρ f is the mass density of the fibers.
And,
where, W m is the weight of the matrix, ρ m is the mass density of the matrix.
The hand lay-up method was used for the fabrication of the panels (see Figure   1 (c)). The curing process lasted 24 hours (see Figure 2 (a), Figure 2 (b)).
The dimensions of the coupons cut from the first panel were 15 mm × 250 mm for the 0˚ fiber direction and 24 mm × 180 mm for the 90˚ fiber direction, in accordance with the ASTM Standards [6] , as shown in Figure 3 were drawn in order to extract coupons with 25 mm × 200 mm dimensions, as shown in Figure 3 (c) [7] . The average thickness of these specimens was 6 mm.
All coupons were carefully extracted from the panels, weighed and their dimensions recorded (see Figure 4 ). Accurate measurement regarding the thickness and the width of the specimens were taken in accordance with ASTM standards [6] . Particularly, measurements at three places were taken and the average cross-sectional area was recorded. A total of 19 coupons were fabricated. Seven with a fiber direction of 0˚, seven with fiber direction of 90˚ and five with a stacking sequence of ±45˚ (see Figure 5 ).
Preparation of Coupons for Testing
According to ASTM standards [6] , tabs must be used to reinforce the coupons in the area clamped by the testing machine in order to avoid being crashed. In the current experimental investigation, tabs made of emery cloth were used in the coupons with 90˚ fiber direction. This procedure was not followed for the coupons with ±45˚ fiber direction due to the fact that their significant thickness Open Journal of Composite Materials protects them from local failure during testing. For the coupons with a fiber direction of 0˚, tabs made of emery cloth were initially used but these failed at low tension stress at about 300 MPa. Thus, the tabs were removed letting only a slight surface of emery in contact with the grips of the testing machine just for the protection of the coupons. This problem did not occur in the coupons with 90˚ fiber direction, because the failure of the specimens occurred at a stress level significantly lower than 300 MPa. For the placement of the tabs a strong epoxy glue of two constituents was used (see Figure 6 ).
Finally, all the coupons were marked at the middle which was the point that the extensometer was placed during the tensile tests.
Tensile Tests
The coupons were tested at a nearly constant strain rate. Therefore, a constant head speed of a displacement rate 2 mm/min was implemented. Seven coupons with 0˚ fiber direction were tested exhibiting similar type of failure ( Figure 7 ).
The failure type, according to ASTM D3039 [6] , can be characterized as AGM (Angled failure type, Gage failure area, Middle failure location) (see Figure 8 ).
Seven coupons with 90˚ fiber direction laminates were also tested in the same way. All specimens exhibited similar failure type. The ultimate stress, as was anticipated, was significantly lower than the coupons with 0˚ fiber direction ( Figure 9 ).
The failure type of these specimens is categorized by ASTM Standard [6] as
LGM (Lateral failure type, Gage failure area, Middle failure location) (see Figure   10 ). One specimen failed at very low stress in comparison with the others. This specific coupon was excluded from the analysis of the results.
Five coupons with ±45˚ fiber orientation laminates were tested. The ASTM Standard [7] provides a method of estimating the in-plane shear response of a GFRP by performing tensile tests as described in ASTM [6] . According to the composite material theory, the maximum in-plane shear stress is half of the Open Journal of Composite Materials 
It should be mentioned, however, that due to fiber scissoring during tension the ultimate tensile strength to be used in Equation (4) is the one that occurs in the range of 5% shear strain [7] . In order to estimate the shear strain during the tensile test, strain gages in both longitudinal and transverse directions must be used. In that case,
This was not feasible at this testing process ( Figure 11 ).
The failure type of these coupons can be characterized as DGV (Edge delamination with almost simultaneously angled failure type, Gage failure area in most cases, Various failure location) (see Figure 12 ).
Tests Results
The test results of coupons with 0˚ fiber orientation are shown in Figure 13 and Open Journal of Composite Materials The test results of the coupons with 90˚ fiber direction are shown in Figure 14 and are listed in Table 2 . The mean ultimate tensile stress was 56.56 MPa. The modulus of elasticity was initially calculated at the same strain range as that of the coupons with 0˚ fiber orientation (0.1% -0.3%). Since some specimens presented a change in slope (transition region) in the stress-strain curve around 0.3% strain another range was chosen to determine the modulus of elasticity.
The range chosen was between 0.1% and 0.25% strain. The mean value of the tensile modulus of elasticity perpendicular to the fiber direction was 6.33 GPa.
The test results of the coupons with ±45˚ fiber orientation are shown in Fig- ure 15 and are listed in Table 3 . The mean ultimate tensile stress was 90.66 MPa.
According to the mechanics of composite materials the in-plane shear strength of the particular composite material may be obtained from Equation (4) to be 90.66/2 = 45.33 MPa [7] . As discussed in Section 2.3, this could be the case if the tensile failure occurs in the range of 5% shear strain. However, as shown in Figure 15, failure occurred at tensile strains above 7%. In this study, the shear stress at strain 3.33% tensile strain was obtained. Assuming a plastic condition with a Poisson ratio of 0.5 and using Equation (5), the tensile strain value of 3.33% seems a satisfactory approach. Thus, an estimation for the in-plane shear strength, using Equation (4), is 70.97/2 = 35.49 MPa.
Discussion of Results
The tensile modulus of elasticity for both main directions of the composite material, along with the Poisson ratio and the shear modulus, can be calculated using the "rules of mixture" [12] . The modulus of elasticity in the direction of the fibers may be derived as follows: Open Journal of Composite Materials 
where, E f and E m are the moduli of elasticity for fibers and matrix, respectively; v f is the fiber volume fraction; and v m is the matrix volume fraction. The fiber volume fraction for the tested material was determined, during the manufacturing of the composite panels, using the weight of the materials. After the extraction of the coupons, every coupon was weighed, and its dimensions (length, thickness and width) were recorded. Given the number of the fabrics, four, and their weight, the total weight and volume of the fibers in each coupon was determined, since their mass density was provided by the manufacturer. Thus, the fiber volume fraction was estimated for each coupon. The mean value of the fiber volume fraction was 41%. The values for E f and E m are 72,000 MPa and 4100
MPa, respectively, as provided by the manufacturer. The matrix volume fraction, v m , was obtained by neglecting the volume of the void inside the material. This is acceptable due to the fact that the particular composite material was constructed using the hand lay-up method. Thus,
Substituting the above values to Equation (6),
According to the "rules of mixture" the transverse tensile modulus of elasticity is:
For the known parameters, The moduli of elasticity calculated on the basis of the information provided by the manufacturer are compared to those obtained experimentally in Table 4 . The average values for longitudinal and transverse moduli of elasticity are listed. As shown in Table 4 , the theoretical results are very close to the experimental ones. Thus, the mechanics of composite materials can be used in order to obtain the mechanical properties that are required for the design of GFRP structures.
The results obtained in this research investigation were also compared to results obtained by other researchers. More specifically the comparison focused on the tensile strength and the modulus of elasticity of GFRP manufactured, using as matrix an isophthalic resin, as a function of the fiber volume fraction. In the papers referenced in Table 5 , experimental data were derived using the ASTM Standard [6] , as was also the case in the present work. The results are plotted in Figure 16 and Figure 17 . As shown in these figures, the fiber volume fraction affects significantly both the tensile strength and the tensile modulus of elasticity in the fiber direction of the composite material. An increase in v f causes a proportional enhancement to the mechanical properties. The relationship between these properties and v f , appears to be linear as described by the theoretical expression (Equation (6)), presented in Section 3. Any deviation from a perfectly Open Journal of Composite Materials linear response could be attributed to the fact that the matrix of the tested materials is not always the same isophthalic polyester resin. Furthermore, the glass fibers are not of the same type. For instance, in the present study the fibers are in the form of a unidirectional fabric. In other experiments, chopped fibers are used. The tensile strength of fibers varies and, therefore, the mechanical properties of the produced GFRP could be affected.
Conclusions
The key objective of this research program was to investigate the different ways of estimating the tensile properties of GFRP without the cost associated with experimentation. This objective was achieved through comparison between experimental results, derived from coupon testing, in accordance with the ASTM standards, and results obtained using the mechanics of composite materials. The experimental results are also compared in this paper to results derived from work by other researchers in order to corroborate the findings regarding the correlation of tensile properties of the GFRP material and the fiber volume fraction. The key findings from this work are:  Mechanics of composite materials offer an excellent approach for the calculation of the GFRP properties, such as Modulus of elasticity and Ultimate tensile strength. However, information regarding the properties of resin and the fibers provided by the manufacturers should be reliable.  The fiber volume fraction plays a major role in the mechanical properties of a GFRP. The linear correlation between v f and these properties is consistent with the principles of the "rules of mixture".
